The peptide pyridine-2-carboxamidonetropsin (2-PyN) binds specifically in the minor groove of 5'-(A,T)G-(A,T)C(A,T)-3' sequences as a side-by-side antiparallel dimer. Tethering two 2-PyN ligands through the nitrogens of the central pyrrole rings with propyl, butyl, pentyl and hexyl linkers affords covalent peptide dimers, bis(pyridine-2-carboxamide-netropsin) (CH&,, which bind in the minor groove of DNA with increased binding affinities and improved sequence specificities. Two-dimensional N M R studies of the complexes formed upon binding of these covalent peptide dimers to an oligonucleotide containing a 5'-TGACT-3' site reveal that the dimeric peptides bind as intramolecular dimers with nearly identical geometry and peptide-DNA contacts as in the (2-PyN)r5'-TGACT-3' complex.
0002-7863/93/1515-9900$04.00/0 0 binding mode a second generation of peptides which can recognize mixed A,T and G,C sequences has now been designed. '-lO Peptides for 5'-TGTCA-3' Recognition. Two analogs of distamycin have been prepared in which the terminal pyrrole ring has been replaced by an imidazole (2-1" = l-methylimidazole-2-carboxamidonetropsin) or pyridine (2-PyN = pyridine-2-carboxamidonetropsin) ring. Footprinting and affinity cleavage studies showed that theseligands bind to 5'-(A,T)G(A,T)C(A,T)-3' sites, showing symmetric protection and cleavage patterns, which is expected in a 2:l peptide-DNA complex.' Recently the (2-ImN)r5'-TGACT-3' complex was analyzed by two-dimensional NMR, and the antiparallel, side-by-side arrangement of the two ligands was directlyverified.7b Examination of the model for this complex suggested that the two ligands could be covalently linked without disrupting any of the interactions with the DNA. It was expected that the binding affinities of such covalently linked peptides might be enhanced over binding by two monomeric ligands. Indeed, footprinting results demonstrate that the covalent peptide dimers bis(pyridine-2-carboxamidonetropsin)(CH2)3~ (( 2-PyN)z-C3, (2-PyN)2-C4, (2-PyN)2-C5, and (2-PyN)2-C6) bind the 5'-TGTCA-3' site with higher affinity than does the monomeric peptide 2-PyN (Figure 1 ).10 These results are consistent with intramolecular dimeric binding by the covalently linked peptides but do not exclude the possibility of intermolecular dimeric binding. We report here direct characterization by oneand two-dimensional N M R of the (2-PyN)r5'-TGACT-3' complex and the complexes formed upon binding of the four covalent peptide dimers (2-PyN)z-C3, (2-PyN)z-C4, (2-PyN)2-C5, and (2-PyN)z-C6 to an oligonucleotide containing a 5'-TGACT-3' binding site. 
Experimental Section
Sample Preparation. DNA samples for the NMR titrations were prepared by dissolving each undecamer sample in 0.25 mL of 20 mM sodium phosphate buffer (pH 7.0) and lyophilizing to dryness. For experiments carried out in D20 the resulting solid was lyophilized twice from 99.9% D20 (Cambridge Isotope Laboratories) and subsequently redissolved in 0.5 mL of 99.96% D2O (Cambridge Isotope Laboratories). For experiments in HzO the solid was redissolved in 90% HzO and 10% D20 to a final volume of 0.5 mL.
Stock solutions for the NMR titrations were prepared by dissolving typically 1-2 mg of each ligand (2-PyN, (2-PyN)z-C3, (2-PyN)z-C4, (2-PyN)z-C5, and (2-PyN)z-C6) in 100-150 pL 99.96% D20 containing 10 mM sodium phosphate buffer (pH 7.0). The concentration of each stock solution was determined independently by absorbance at 302 nm (an extinction coefficient of 3.5 X lo4 M-I cm-I was assumed for the 2-PyN monomer and 7.0 X lo4 M-1 cm-l for the 2-PyN dimers). Extinction coefficients for d(GCATGACTCGG) and d(CCGAGTCAT-GC) were calculated to be 1.05 X los M-I cm-I and 1.02 X los M-I cm-", respectively.'l The concentrations of the double-stranded DNA samples were 2 mM, 1 mM, and 0.5 mM (as determined by absorbance at 260 nm at 80 "C) for the experiments involving 2-PyN. (2-PyN)2-C6 and (2-PyN)2-C3, (2-PyN)2-C4, and (2-PyN)z-C5, respectively. 1D NMR Titrations. NMR samples containing the DNA oligomer were titrated individually with 2-PyN or the covalently linked peptide dimers (in increments of 0.25 mol equivs) up to a ligand/DNA ratio of approximately 2:l and 1:1, respectively. 1D spectra were acquired at 25 OC using 4096 complex points, 128-256 scans, and a spectral width of 6024 Hz. Suppression of the residual HDO resonance was achieved via application of a presaturation pulse during the 2.0-s recycle delay.
2D NOESY Spectra. NOESY spectra of the (2-PyN)2.5'-TGACT-3' complex and of the (2-PyN)2-C6.5'-TGACT-3' complex in D20 were acquired on a Bruker AMX-600 spectrometer, while NOESY spectra of the (2-PyN)2-C3-5'-TGACT-3'complex in D20 were acquired on a GN-500 spectrometer (General Electric Instruments). Spectra were acquired at ligand/DNA ratios of 2:l for the monomer and 1:l for the covalent peptide dimers (25 "C), and phase-sensitive detection was accomplished using the standard TPPI pulse sequence.12 A mixing time of 200 ms was used for all D20 NOESY spectra. For each rl value 64 scans were signal averaged, taking 1024 complex points with a recycle delay of 2 s. Again suppression of the residual HDO signal was achieved via presaturation during the recycle and mixing delays. Typically 512 tl experiments were recorded and zero-filled to 1 K. Spectral widths of 6024 Hz (600 MHz) and 5000 Hz (500 MHz) were used. NOESY spectra of the (2-PyN)2.5'-TGACT-3' complex and of the (2-PyN)2-C64'-TGACT-3' complex in water (25 "C) were acquired and processed as described p r e v i o~s l y .~~ Distance Restraints. Intermolecular distance restraints were generated from the volume integrals of the crosspeaks in the H20 NOESY spectra of the (2-PyN)2-C6.5'-TGACT-3' complex as described p r e v i o~s l y .~~ A total of 30 NOSY-derived restraints wereevaluated (eight intramolecular ligand restraints and 19 intermolecular ligand-DNA restraints). Hydrogen bonds for standard Watson-Crick base pairing were included as NOE restraints. Listings of the restraints and the achieved distances are available as supplementary material.
Structure Refinement. Double-helical B-form DNA was constructed using the Biopolymer module of InsightII (Biosym) and was used as the starting structure for modeling. The (2-PyN)2-C6 ligand was constructed from the coordinates of the 2-1" ligands taken from the energy minimized NMRstructureofthe2:l complex with d(GCATGACTCGG): d(CCGAGTCATGC).7b The 2-1" ligands were modified using the Builder module of InsightII to give 2-PyN ligands, and the hexyl linker wasconstructedandcovalently attached totheligands through thenitrogen atoms of the central pyrrole rings. The dimeric ligands were then docked in the minor groove of the binding site using the stereo feature of InsightII on the Silicon Graphics workstation. Energy minimizations incorporating the NOE distance restraints were performed using the Discover module of InsightII. A cutoff distance of 15 A was used for nonbonded interactions, and the neighbor list was regenerated every 20 timesteps. Solvent effects were simulated through the use of a distance-dependent TGACT TGACT  %ACT  GACT TGACT  Z A C T   G1  c 2  A3  T4  G5  A6  c 7  T8  c 9  G10  G11   c12  C13  G14  A15  G16  T17  C18  A19  T20  G2 
Results
Titration of the 5'-TGACT-3' Site with 2-PyN. Spectra obtained at several points in a titration of the Y-TGACT-3'duplex with 2-PyN reveal that upon addition of substoichiometric amounts of peptide, the spectra increase in complexity due to the appearance of a set of new resonances (Figure 2) . The new signals that appear between 6.0 and 6.8 ppm are characteristic of the H 3 pyrrole protons of the ligand. The peaks that appear downfield between 8.9 and 9.3 ppm belong to the pyridine H6 protons of the peptide. New resonances also appear in the aromatic region of the spectra (between 7.0 and 8.5 ppm) that correspond to DNA protons of the complex. The chemical shift assignments for protons in both free DNA and complexed DNA are presented in Table I .
The appearance of only a single set of pyrrole H 3 and pyridine H 6 protons, that continue to increase in intensity until 2 equiv of 2-PyN have been added, suggests that a unique peptide/DNA complex having a stoichiometry of 2:l is formed. Furthermore, the behavior of 2-PyN in its titrations onto the 5'-TGACT-3' site is completely analogous to the titration of 2-1" on this site.7b Titration of the 5'-TGACT-3' Site with the Bis(pyridine-2-carboxamidonetropsin) (CHz)= Peptides. Each of the covalently linked peptide dimers was titrated separately intosamples of duplex DNA containing the 5'-TGACT-3' binding site ( Figure  3 ). The similarity of the spectra for all the peptides suggests that the length of the linker has little effect on complex geometry. between the propyl-, butyl-, pentyl-, and hexyl-linked 2-PyN dimers and the S-TGACT-3'duplex exhibit positive cooperativity since the singlet set of pyrrole H 3 and pyridine H6 proton resonances appear upon the addition of as little as 0.25 mol equiv of dimer. It is evident that the DNA i s completely complexed a t a peptide dimer/DNA ratio of 1:l (Figure 3 ). Since each dimeric 2-PyN ligand contains the equivalent of two monomeric 2-PyN ligands, it is apparent that both ends of the ligand are involved in binding. A comparison of the titration experimentssuggests that the dimeric peptides bind in a mode nearly identical as in the (2-PyN)2.5'-TGACT-3' complex (Figures 2  and 3) .
Signal Assignments. 2D NOESY spectra in D20 werecollected for the 2:l complex between 2-PyN and the 5'-TGACT-3' site, and for the 1 : 1 complex between (2-PyN)z-C6 and the 5'-TGACT-3' site. The DNA aromatic and Cl'H protons in each complex were assigned from NOESY spectra via the sequential method.13 The imino and adenine H 2 protons in the complexes were assigned using 2D NOESY spectra obtained in H2O. Peptide amide N H protons, pyrrole H3, and pyridine H6 protons were assigned by intramolecular connectivities among these protons in the H20 NOESY spectra of the complexes. Ligand methylene protons of the propyl amine chain were assigned via intermolecular contacts to the pyridine H6 protons on the opposite ligand of thecomplexes. Table I presents the chemical shift assignments for the free oligonucleotideduplex, the 2: 1 (2-PyN)r5'-TGACT-3'complex, and the 1: 1 (2-PyN)2-C6.5'-TGACT-3' complex.
Intermolecular Contacts in the (2-PyN)2.5'-TGACT-3' Complex. Figure 4 shows the NOESY spectrum of the 2:l complex between 2-PyN and the S-TGACT-3'site in HzO. Similar to the 2:l complex between 2-1" and the 5'-TGACT-3' site, the placement of the ligands on the DNA is facilitated by the observation of numerous intermolecular contacts.'b The orientations of the ligands are defined by the observation of strong N O E crosspeaks between the pyridine H6 protons and the C1'H and amino N H 2 protons of G5 and G16 plus those between the H3-2 (ligand 1) and H3-3 (ligand 2) pyrrole protons and the H 2 protons of A6 ( (2-PyN)&6.5'-TGACT-3' complex in H20 (Figure 6 ) reveals compared to the (2-PyN)yS-TGACT-3'2: 1 complex. Therefore, that with no exceptions, nearly identical contacts are found when the intermolecular contacts shown in Figure 5 are representative NOESY spectrum of (2-PyN)2-C3*5'-TGACT-3' complex in D2O was obtained for comparison with the corresponding spectrum of the (2-PyN)2-C6*5'-TGACT-3' complex. A comparison of expansions of the aromatic to C 1'H region of the NOESY spectra for both the (2-PyN)2-C3 and (2-PyN)2-C6 complexes shows that the intra-and intermolecular contacts observed for both complexes are nearly identical (Figure 7) . Moreover, the similarity of the relative intensities of the NOE crosspeaks confirms that the geometry of the complexes is not significantly different.
Molecular Modeling. Due to the similarity of the contacts between the 2: 1 complexes formed by 2-PyN and 2-1" with the 5'-TGACT-3' site, the (2-PyN)2-5'-TGACT-3' complex was not modeled.7b However, semiquantitative modeling of the (2-PyN)2-C6-5'-TGACT-3' complex was carried out using the Insight111 Discover model building and simulation package. All intermolecular contacts listed in Table I1 as well as eight intramolecular ligand contacts were used as restraints.
The covalently linked 2-PyN ligands stack side-by-side in the minor groove of the binding site in a manner identical to that found in all other peptide/DNA c o m p l e x e~.~~~~~~~~~~~ Similar to the imidazole nitrogens of the (2-ImN)2-5'-TGACT-3' complex, molecular modeling indicates that the pyridine nitrogens of the 2-PyN ligands in the (2-PyN)2-C6*5'-TGACT-3' complex participate in hydrogen bonds with the 2-amino groups of G5 and G16 (Figure 8 ).7b antiparallel arrangement and stacked such that the aromatic rings of one ligand overlap the amide bonds ofthe other ligand (Figures  8 and 9) .
The four covalent peptide dimers bind to the 5'-TGACT-3' site with nearly identical geometry and peptide-DNA contacts as in the (2-PyN)2*5'-TGACT-3' complex. In all the complexes, one peptide spans the 5'-TGAC-3' site, while the other peptide spans the 5I-AGTC-3'site on the opposite strand. This geometry likely allows the pyridine nitrogen of each ligand to participate in a hydrogen bond with the 2-amino group of each guanine residue on the floor of the minor groove. This association via hydrogen bonds likely plays not only a role in the stabilization of the complex but also in the specific recognition of the 5'-TGACT-3' site by the peptides. Further, the two cationic N,Ndimethylammonium groups of the ligands are directed toward opposite ends of the binding site, providing favorable electrostatic interactions with the minor groove.
A comparison of the binding affinities among the covalently linked 2-PyN dimers reveals that the length of the alkyl linker has little effect on overall complex stability.'O The NMR results presented here suggest that the relative positions of the two sideby-side peptides and the specific peptide-DNA contacts are nearly identical for 2-PyN and the four linked peptides in complex with the 5'-TGACT-3' site. While the alkyl tethers in these four dimers 
